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The Savonius wind turbine bears unique features in both aspects of rotor structure and torque 
production. Continual improvement of the Savonius wind turbine motivates the authors of this review 
to gather, classify and discuss the quintessential parts of the relevant studies. Unambiguous priority is 
granted to the turbulent flow surrounding the Savonius wind rotor. Flow patterns near the Savonius 
wind rotor are represented with distributions of static pressure near conventional and spiral Savonius 
wind rotors. Assorted geometric shapes of Savonius wind rotors are demonstrated to illuminate a 
panorama of the development of the Savonius wind rotor, as well as to highlight the connection between 
rotor-based solid boundary and flow structures near Savonius wind rotor blades. Limitations of existing 
analytical methods used to predict the performance of the Savonius wind rotor are interpreted. 
Advantages of both numerical and experimental techniques in acquiring aerodynamics forces, shaft 
torque and internal stress distribution for the Savonius wind rotor blade are enumerated, and the 
difficulties incurred by curved blades and the rotation of the rotor are analyzed as well. Optimal values of 
tip-speed ratio corresponding to maximum power coefficient or maximum torque coefficient are 
different for various geometric shapes of Savonius wind rotors, which sheds new light upon the 
relationship between flow characteristics and performance parameters associated with the Savonius 
wind rotor. 

© 2014 Elsevier Ltd. All rights reserved. 
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1. Introduction 


Numerous studies of the vertical-axis wind turbine (VAWT) 
were carried out based upon the Savonius wind turbine invented 
in 1922. In recent years, the combination of theoretical, experi- 
mental and simulation achievements has significantly extended 
the original concept of the Savonius wind turbine [1]. Meanwhile, 
enriched knowledge of the Savonius wind turbine has consistently 
facilitated the implementation of many fresh research schemes. 
For instance, a Savonius hydraulic rotor, which inherited primary 
geometric characteristics from the conventional Savonius wind 
rotor, passed successfully both model experiment and in-situ 
performance test [2]. 

Continuous interaction between ambient air and wind rotor 
blades plays a pivotal part in the conversion from wind energy to 
electricity or available driving force. Such an interaction becomes 
perceivable with the assistance of simulation and measurement 
techniques. Many current studies are dedicated to describing 
quantitatively the relationship between flow characteristics and 
wind rotor performance. From the perspective of artificially con- 
trolling ambient air flow, it is tempting to devise a reliable 
technique for improving the quality of upstream air flow. Never- 
theless, the efforts for this purpose have rarely yielded noticeable 
advancement, particularly on the part of large-scale wind turbines. 
In relevant treatises, upstream air flow is overwhelmingly 
assumed to be uniform and steady. By contrast, most air flows 
facing the wind turbines in service are three-dimensional and 
unsteady turbulent flows. It is widely recognized that adverse flow 
situations contribute considerably to the deformation of wind 
rotor blades and even the vibration of supporting towers. 

The conventional Savonius wind rotor, featured by two semi- 
circular blades, is simple in both appearance and aerodynamic 
performance, while the complexity of the curved-blade Savonius 
wind rotor hinges upon the solid-boundary-related turbulent 
flows. The replacement of straight rotor blades by curved rotor 
blades is advantageous, as has been corroborated by accordingly 
improved flow patterns and suppressed aerodynamics force fluc- 
tuations [3-5]. Meanwhile, the family of Savonius wind rotors has 
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Fig. 1. Power spectral density of upstream air velocity. The sampling position was 
6.0 m above local ground and 8.0 m in horizontal distance from the nearest wind 
turbine. The two datasets were acquired in the same duration of 75s but on 
different days. 


been constantly refreshed with new members such as two- and 
three-stage Savonius wind rotors. In this connection, the view- 
point that the multistage Savonius wind rotor is merely a physical 
superposition of individual rotors should be overturned in view of 
the complex impact exerted by staggered rotors on the whole 
wind turbine, and this impact has not been elucidated hitherto 
[6] [7]. 

More emphasis in this review is placed upon the flow-related 
issues associated with the Savonius wind rotor. Besides an exem- 
plification of practical upstream air flow, distributions of primary 
flow parameters near the Savonius wind rotor are illustrated and 
further compared with the flow field around a Darrieus wind 
turbine rotor. The evolution of geometric shape of the Savonius 
wind rotor is another prioritized subject. And various geometric 
shapes, as well as the adjunct devices which also lend their 
support to the performance improvement of the rotor, are pre- 
sented. Both merits of curved blades and relevant research 
difficulties are detailed in three aspects, spatial flow pattern, 
multidirectional aerodynamics force and shaft torque. As for the 
prediction of the performance of the Savonius wind rotor, an 
objective and comprehensive discussion covers limitations of 
analytical models, the versatility of numerical simulation, and 
the pros and cons of measurement techniques. Various values of 
optimal tip-speed ratio are extracted from representative treatises 
to draw further attention to the relationship between typical flow 
structures and operation parameters related to the Savonius wind 
rotor. In addition, the impetus behind this review is also boosted 
by those research techniques which have facilitated studies of the 
Savonius wind rotor. 


2. Turbulent flow characteristics 
2.1. Upstream air flow 


Atmospheric air flow is inherently turbulent, irrespective of the 
fact that the search of an analytical solution to the Navier-Stokes 
equations has been rather frustrating. Therefore, all wind rotors in 
operation are subject to the immediate impact of turbulent 
fluctuations. In turn, wind rotors act as obstacles in the presence 
of upstream air flow. To demonstrate velocity fluctuations in low- 
velocity upstream air flow, instantaneous air velocity was mea- 
sured using a well-calibrated hot-wire anemometer, and the 
measurement was performed in a wind turbine test field situated 
in eastern China. This test field is exclusively suitable for testing 
small- and medium-size wind turbines. Two cases are individually 
described with the power spectral density of upstream air velocity, 
as shown in Fig. 1. 

Both the cases shown in Fig. 1 are low-velocity cases, but the 
discrepancy between them is evident. As for Case 1, velocity values 
range from 1.22 to 3.75m/s and the resultant time-averaged 
velocity Vave is 2.91 m/s. Case 2 involves the velocity values varying 
from 4.18 to 8.36 m/s and a corresponding Vave of 6.07 m/s. It is 
apparent that practical fluctuations of power spectral density are 
distinct from those hypotheses dominated by steady upstream air 
flow. Meanwhile, Case 2 involves protruding spikes of high power 
spectral density, which imply the existence of large magnitudes of 
kinetic energy at certain frequencies. In principle, the fluctuating 
situation tends to be exacerbated with the increase of time- 
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Fig. 2. Static pressure distributions near Savonius and Darrieus wind rotors. In ( 
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(a), the Savonius wind rotor rotates anticlockwise, while the Darrieus wind rotor shown in 


(b) rotates clockwise. Identical upstream air flow conditions are imposed on the two flow fields and both the main streams flow from left to right. 


averaged velocity. From another perspective, velocity fluctuations 
at low air velocities are conducive to the startup of wind turbines, 
as is particularly significant for the Savonius wind rotor, which is 
reputable for its good startup capability [8]. Incidentally, many 
Savonius wind rotors mounted on flat roofs of tall buildings suffer 
from adverse impacts of boundary layer. In this context, upstream 
air flows approaching these rotors are non-uniform along the 
direction parallel to rotor axes, and a low level of velocity 
fluctuation can impair the normal operation of these rotors and 
even result in the deformation of rotor shafts. 


2.2. Static pressure distribution around wind rotors 


Among vertical-axis wind rotors, the Savonius wind rotor 
possesses an unparalleled capability of producing large shaft 
torque. Fundamentally, shaft torque is dependent on aerodynamic 
forces acting upon rotor blades; the formation of these aerody- 
namic forces is an intricate process, which can be appreciated 
through a comparison between a Savonius wind rotor and a 
Darrieus wind rotor [9]. In general, static pressure distribution is 
relied upon to illustrate the evolution of aerodynamic force, and 
the momentum behind the rotation of a wind rotor can also be 
explained through examining static pressure distributions close to 
the two sides of each rotor blade. Here, Fig. 2(a) and (b) display 
cross-sectional distributions of static pressure near a conventional 
Savonius wind rotor and a straight-blade Darrieus wind rotor, 
respectively. 

As shown in Fig. 2(a) and (b), the Savonius wind rotor is 
superior to the Darrieus wind rotor in terms of rotor solidity; 
therefore, the Savonius wind rotor acts as a more influential 
obstacle to air flow, even though the gap between the two blades 
forms a narrow flow passage, which accommodates merely a small 
portion of air flow. Another difference surfaces with a scrutiniza- 
tion of the situations near the two types of rotor blades. As for the 
Savonius wind rotor, the driving force for the rotation of the rotor 
rests clearly upon large-scale flow structures near the rotor blades. 
By contrast, the three blades of the Darrieus wind rotor are 
separately surrounded by three sub-areas which are unanimously 
marked by remarkable pressure difference. And the three sub- 
areas are segregated from each other, as partially weakens the 
collective contribution of pressure difference. 

The two wind rotors shown in Fig. 2 share the geometric 
uniformity along rotor axis, which supports the assumption of 
two-dimensional flow. By contrast, curved-blade wind rotors are 
accompanied by complex three-dimensional flow fields, which 
cannot be projected onto any single cross-sectional view [3}[5]. 

Hitherto, the parametric design of the Savonius wind rotor is 
still far from success. As a rule, the determination of primary 
geometric parameters depends largely upon empirical formulae, 


Returning blade 


Advancing blade 


Fig. 3. Decomposition of both velocity and force on a cross section of a conven- 
tional Savonius wind rotor. Upstream air flow is uniform and moves from left 
to right. 


which surely overloads relevant research. For instance, given that 
several rotor diameters are to be evaluated through a numerical 
technique, a complete numerical procedure has to be practiced for 
each scheme of rotor diameter and then several flow fields will be 
obtained thereby. More time-consuming is flow field analysis, 
through which it is anticipated to pinpoint typical flow structures 
near rotor blades, as well as to interpret the discrepancy among 
various schemes and single out the optimal scheme. In this 
context, a similarity law allowing for the real-time interaction 
between geometric parameters and flow parameters will be 
remarkably admirable. 


3. Analytical models for the Savonius wind rotor 


The momentum model is of significant importance in the early 
stage of the development process of wind turbines. Even in today's 
view, the momentum model still serves as a foundation for some 
new methods devised to assess the operation capability of wind 
rotors. The streamtube model, which is developed based upon 
Glauert's blade element momentum theory, is a momentum 
model which has proven to be successful in the study of Darrieus 
wind rotors [10]. Meanwhile, the streamtube model has been 
claimed to be theoretically feasible for the wind rotors with low 
tip-speed ratio. However, the exercise of the streamtube model in 
the study of Savonius wind rotors has not produced promising 
results. In this connection, it has been argued in [11] and [12] that 
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the main drawback of the streamtube model lies in that it is 
invalid in the presence of high wind rotor solidity. 

Recently, owing to their insensibility to wind direction, curved- 
blade Savonius wind rotors have attracted much attention. As for 
the curved-blade Savonius wind rotor, the inapplicability of the 
streamtube model is more explicit. Firstly, cross sections of the 
curved-blade Savonius wind rotor are circumferentially staggered 
relative to each other, as excludes the possibility of representing 
the entire flow field with any isolated cross-sectional flow pattern. 
Secondly, the theoretical derivation of the resultant aerodynamic 
force acting on each curved blade based upon scattered forces 
acting on individual cross sections is confronted with enormous 
difficulties. In this context, efforts are necessitated for developing 
an analytical model appropriate for the Savonius wind rotor. A 
velocity-decomposition method fundamental for rotary hydraulic 
machinery is expected to be helpful for the conventional Savonius 
wind rotor. Rather than the whole rotor, a single blade will be 
treated in accordance with this method. Thus the relationship 
among upstream air velocity, velocity components of a rotating 
Savonius wind rotor blade and component forces acting upon the 
blade will be obtained. Such a method is schematically explained 
in Fig. 3. 

In Fig. 3, the rotational speed w of two identical semi-circle 
blades is predetermined and kept invariant. With respect to the 
advancing blade, a blade element with a circumferential length 
of dl is specified as the differential element. R is the radius 
of the blades. The relationship among the velocities involved is 
expressed by 


Vw=V; COS a+Vt a) 
and 
ve = Vi SiN a+@R (2) 


where vw is relative flow velocity and v; is induced velocity, a is the 
angle between v; and the direction from dl to the center of 
rotation,v, denotes the velocity component in the tangential 
direction of dl. Hence, a resultant velocity can be determined 
through combining the two perpendicular velocity components, 
Vw and ve. 

Compatible with the direction of relative flow velocity vy, a 
force triangle is constructed, as shown in Fig. 3. It is noteworthy 
that 2, the angle between vw and the direction from dl to the 
center of rotation, associates the velocity triangle with the force 
triangle. The relationship among those forces under consideration 
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Fig. 4. Cross-sectional distribution of instantaneous velocity near a conventional 
Savonius wind rotor model. 
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Fig. 5. Momentary distributions of velocity near a conventional Savonius wind 
rotor. The main stream flows from left to right. (a) Instance of maximum torque 
coefficient and (b) instance of minimum torque coefficient. 


takes the form 


F =Fw+Fp (3) 


where F is resultant force, Fw and Fp are two component 
forces parallel and perpendicular to the relative flow velocity vw, 
respectively. 

Consequently, both resultant force and component forces act- 
ing on the advancing blade are obtained through the integration of 
dl along the physical boundary of the advancing blade. Difficulties 
residing in the above procedure can be readily perceived because 
the center of rotation does not coincide with the center of 
symmetry on the part of the advancing blade. Preferably, a 
specifically developed numerical code can be introduced to solve 
these equations approximately, as well as to organize relevant 
parameters in an efficient manner. 
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4. Consideration of flow patterns 
4.1. Flow pattern around the conventional Savonius wind rotor 


Albeit not well defined, flow patterns near the Savonius wind 
rotor contain the information that is more essential than that 
pertaining to the rotor itself. In a pioneering investigation, the flow 
pattern near a conventional Savonius wind rotor was visualized 
using the smoke-wire flow visualization technique |13]; at a given 
rotor height of 320 mm and an average flow velocity of 1.5 m/s, a 
nichrome wire of 0.1mm in diameter was mounted at an 
upstream position 250mm from the rotor axis, smoke was 
generated thereby. Alternatively, flow patterns near the Savonius 
wind rotor can be demonstrated in a quantitative manner, for 
instance, by flow velocity distribution. A recent study confirmed 
that the standard Pitot-static tube is effective in the velocity 
measurement near a Stationary conventional Savonius wind rotor 
[14]. It is self-evident that flow patterns near stationary Savonius 
wind rotors are different from those near rotating Savonius wind 
rotors. Nevertheless, technical difficulties encountered in measur- 
ing or visualizing rotating flow fields are ubiquitous, and most of 
the difficulties implicate multidisciplinary knowledge [15]. In [16], 
a rotating transparent model of a conventional Savonius wind 
rotor was experimentally studied. A joint application of particle 
image velocimetry (PIV) and a synchronization system enabled the 
investigators to acquire instantaneous velocity near the rotor 
blades. And a cross-sectional distribution of instantaneous velocity 
is displayed in Fig. 4. 

With such an experimental methodology, the results were 
claimed to approach the physical reality to a great extent. Even 
so, improvement is still sorely needed in measurement repeat- 
ability, image-processing capability and the uniformity of the light 
intensity distribution in the PIV window. To circumvent the 
difficulties caused by the rotation of the Savonius wind rotor, the 
frozen-rotor assumption was introduced. Under such an assump- 
tion, at each orientation angle between a rotor and upstream air 
flow, a corresponding flow field will be obtained. Through artifi- 
cially changing the orientation angle, a string of flow fields will be 
obtained. And these sequentially arranged flow fields are supposed 
to be similar to the momentary flow fields arising with the 
rotation of the rotor. 

As for the computational fluid dynamics (CFD) technique, which 
has penetrated deeply into the study of the Savonius wind rotor, two 
specific approaches were devised to tackle the interplay between a 
rotating rotor and ambient air flow. The first approach, exclusively 
feasible for steady simulation, converts transient flow into steady 
flow by virtue of the multiple reference frame (MRF) model. Such an 
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Fig. 6. A momentary flow pattern near a spiral Savonius wind rotor. (a) View 1 and 
(b) View 2. 


approach is also known as the frozen-rotor approach. The other 
approach which is characterized by sliding meshes functions well in 
locating the time-varying interface between a rotating rotor and 
ambient air flow |17]. It has been corroborated that steady flow 
simulation yields overpredicted wind turbine efficiency, while 
unsteady flow simulation is more reliable in this connection. In 
addition, only unsteady flow simulation can be used to investigate 
the startup process of the Savonius wind rotor, because both shaft 
torque and static pressure vary violently in this startup process. 

Two momentary cross-sectional distributions of velocity, which 
are extracted from a numerically obtained time-dependent velo- 
city field surrounding a conventional Savonius wind rotor, are 
shown in Fig. 5(a) and (b), respectively. Meanwhile, momentary 
flow fields shown in Fig. 5(a) and (b) produce maximum and 
minimum torque coefficients, respectively. The situation indicated 
in Fig. 5(a) is advantageous in terms of boosting the anticlockwise 
rotation of the rotor. The two blades, namely advancing (lower) 
and returning (upper) blades, are approached by completely 
different flow structures, as determines the difference in the 
contribution to the increase of shaft torque between the two 
blades. Three large-scale vortices are prominent in Fig. 5(a). One 
vortex is trapped by the semi-circle area inside the returning 
blade, while the other two are situated immediately downstream 
of the advancing blade. The lower downstream vortex can be 
regarded as a typical flow structure in the wake region under 
consideration. The other downstream vortex, manifesting itself 
near the upper end of the advancing blade, is a product of the 
shear effect caused by the interaction between high-velocity gap 
flow and main stream. In addition, the gap flow is responsible for 
the formation of the vortex surrounded by the returning blade. 
From another perspective, the gap flow is connected with various 
aerodynamic losses, which explains the performance change of 
the Savonius wind rotor due to the removal of rotor shaft or the 
adjustment of overlap ratio. Furthermore, provided that a rotor 
shaft intrudes into the velocity field shown in Fig. 5(a), the gap 
flow pattern will undergo a considerable change [18]. 

Fig. 5(b) contains a relatively smooth flow field, which, how- 
ever, renders the least assistance to the anticlockwise rotation of 
the rotor. The sole vortex that can be identified here is the vortex 
surrounded by the returning blade. The position of the vortex core 
is dependent upon the impingement of the gap flow on the 
returning blade, and this rationale also applies to the situation 
indicated in Fig. 5(a). 

It is noteworthy that the largest vortex scale indicated in Fig. 5 
is comparable to the radius of the rotor blade, and the flow field 
associated with the conventional Savonius wind rotor is featured 
by large-scale vortices. Furthermore, with the rotation of the rotor, 
formation, evolution and annihilation of large-scale vortices will 
occur periodically. And some relationship probably exists between 
the evolution of these vortices and the transient fluctuation of 
shaft torque, as has not been substantiated so far. 


4.2. Flow pattern around the spiral Savonius wind rotor 


Relative to the two-dimensional flow field shown in Fig. 5, three- 
dimensional flow fields surrounding spiral Savonius wind rotors are 
considerably convoluted. A cross-sectional flow pattern extracted 
from such a three-dimensional flow field, in conjunction with static 
pressure distribution on blade surface, is viewed from two different 
angles, as shown in Fig. 6. Regardless of the direction of upstream air 
flow, as long as moving air enters the space surrounded by the two 
blades, it will provide momentum to the rotation of the rotor. In light 
of the geometric shape of the rotor shown in Fig. 6, it can be 
conjectured that flow patterns on different cross sections are 
distinctly various. Meanwhile, Fig. 6 merely indicates the flow 
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Fig. 7. Representative geometric shapes of Savonius wind rotors. Savonius wind rotor is abbreviated as SWR. 


situation corresponding to a single moment; a variety of flow fields 
will be observed as the rotor rotates. 

In recent years, numerical techniques have been overwhel- 
mingly used in the study of curved-blade Savonius wind rotors 
[19-21]. As far as experimental practices are concerned, difficulties 
incurred by curved blades are evident. For instance, without 
specific development and calibration, general optical configura- 
tions cannot be used to probe into the local flow field shielded by a 
transparent curved blade with non-uniform surface curvatures. 
Additionally, during the design phase, owing to lack of more 
effective measures, empirical formulae have to be relied upon to 
determine geometric parameters of the curved-blade Savonius 
wind rotor. 


4.3. Geometric characteristics of Savonius wind rotors 


The coexistence of diverse geometric shapes with respect to 
Savonius wind rotors is a highlight in the field of wind turbines. 
Several Savonius wind rotors with different geometric shapes are 
exhibited in Fig. 7. These rotors can be classified into four types, 
namely straight-blade rotor, curved-blade rotor, multistage rotor 
and end-plate rotor. Intersection is inevitable among these four 
types and practical cases often cover two or more of the four types. 
One of the most primitive but significant applications of the 
Savonius wind rotor is to pump groundwater in some distant 
rural areas, as can be traced back to 1960s. Since such an 
application necessitates high shaft torque, the end-plate rotor 
and multistage rotor are preferable. According to an estimate 
based upon published treatises, the debut of the curved-blade 
Savonius wind rotor was in the late 1990s. Hitherto, a large body of 
literature has been dedicated to the topic of the curved-blade 
Savonius wind rotor. Besides, the Savonius wind rotor is involved 
in some combined rotors including the Darrieus-Savonius wind 
rotor, and the combined rotor is beyond the scope of this review 
[22]; 

As the most classical rotor type, the conventional Savonius 
wind rotor has geometrically different manifestations, which 
promote the diversity of consequent flow fields, and relevant flow 
investigations are still underway [23]. In this connection, many 
experimentally obtained conclusions cannot be generalized due to 


Guide box 
— j ma 
Advancing blade 
— > 
— o’ 
— 
(2 ià — 
xr 
Returning blade 
— > 
— 
— > 
— 


= 


Guide box 


Fig. 8. Effective control of upstream air flow through guide-box tunnel. 


lack of theoretical support. For instance, the test data indicate a 
dependence of shaft torque coefficient on dimensions of the 
central gap, but no quantitative relationship between geometric 
parameters of the central gap and performance parameters of the 
rotor is available [19}[24]. Additionally, the motivation behind the 
structural development based upon the conventional Savonius 
wind rotor requires clear background. For instance, as shown in 
Fig. 7, a two-stage Savonius wind rotor, composed of two vertically 
superposed conventional Savonius wind rotors, can yield high 
shaft torque, but it cannot avoid the imperfection of the existing 
knowledge of conventional Savonius wind rotors [7]"[25]. 

In view of both mounting positions and appearance of end 
plates, a conventional Savonius wind rotor with two end plates is 
analogous to a Savonius wind rotor with two semi-bucket blades, 
as can be concluded from Fig. 7 [26]. In addition, end plates can 
also be used in collaboration with curved blades, as is also 
indicated in Fig. 7. It has been proven that the maximum power 
coefficient of an end-plate Savonius wind rotor attains 0.462 [27]. 
Another advantage of end plates is that they strengthen the overall 
structure of the rotor. As far as the end-plate Savonius wind rotor 


C. Kang et al. / Renewable and Sustainable Energy Reviews 33 (2014) 499-508 


Deformation (mm) 
1.40 


1.30 
1.20 
1.10 
1.00 
0.90 
0.80 
0.70 
0.60 
0.50 
0.40 
0.30 
0.20 
0.10 
0.00 


505 


— Force | 


__, Degree of 
freedom 


Uniform loads 
distributions along 
the rotor shaft 


von Mises stress (Pa) 


9500.00 
9000.00 
8500.00 
8000.00 
7500.00 
7000.00 
6500.00 
6000.00 
5500.00 
5000.00 
4500.00 
4000.00 
3500.00 
3000.00 
2500.00 
2000.00 
1500.00 
1000.00 


500.00 
0.00 


Fig. 9. Numerical calculation of deformation and internal stress distribution of a conventional Savonius wind rotor blade using finite element method. (a) Discretized solid 
domain and cross-sectional distribution of force loads, (b) deformation distribution and (c) von Mises stress distribution. 


is concerned, structural attributes are of equivalent significance in 
comparison with flow characteristics. 

The other straight-blade Savonius wind rotor shown in Fig. 7 is 
the Bach-type rotor. The presented cross section of the Bach-type 
rotor is characterized by a straight middle segment and a high 
curvature at blade tips. A numerical study has proven that the 
power coefficient of a well-designed Bach-type rotor is higher 
than that of a conventional Savonius wind rotor [28]. 

Savonius wind rotors armed with curved blades not only can 
adapt to air flows coming from all directions, but also can suppress 
shaft torque fluctuations [29]. These merits are particularly valuable 
for wind turbines with low tip-speed ratio. Furthermore, through an 
optimization of geometric parameters, the curved-blade Savonius 
wind rotor can acquire a maximum power coefficient comparable to 
that of the conventional Savonius wind rotor [4]'[30]. There are three 
most frequently used designations for curved blades, namely twisted 
blade, helical blade and spiral blade [31]. In this connection, both 
helical and spiral Savonius wind rotors are salient in Fig. 7 [3-4]. 
Superficially, no significant distinction is perceived among these 


three types of curved blades. Meanwhile, there is no clear geometric 
definition for the curved-blade Savonius wind rotor, and such a 
definition is not necessary either. Curved-blade Savonius wind rotors 
in service can be seen in USA, Japan and some other countries, and 
most of them are furnishing power to low power-consumption 
devices, as well as decorating local landscape. 

Another group of Savonius wind rotors are equipped with various 
adjunct devices such as a shielding obstacle upstream of a returning 
blade, twin curtains adjusting upstream flow direction, and a conical 
concentrator before a three-stage rotor [32-36]. An adjunct device 
designated as the guide-box tunnel is shown in Fig. 8. With such a 
device, upstream air flow approaching a conventional Savonius wind 
rotor is clearly transformed. More specifically, the portion of 
upstream air that enters the guide-box tunnel drives the clockwise 
rotation of the advancing blade, while another portion of upstream 
air that would otherwise obstruct the clockwise rotation of the 
returning blade has no chance of contacting the returning blade. 
Although neither flow measurement nor flow simulation has been 
performed to flesh out such a description, the performance test data 
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obtained indicate unambiguously that the guide-box tunnel helps to 
improve the power coefficient of the conventional Savonius wind 
rotor [37]. 


5. Aerodynamic loads 
5.1. Numerical treatment of internal stress distribution 


The dynamic analysis of wind turbine structure has been given 
high priority on the part of large-scale horizontal-axis wind 
turbines. By contrast, similar work has rarely been reported 
concerning the Savonius wind turbine. Rated power output of 
most Savonius wind turbines in service is less than 2 kW, thus 
internal stress distribution of Savonius wind rotor blades is 
generally not deemed as an imperative issue. There was a reported 
case involving a Savonius wind turbine with a rated power output 
of 5 kW. The diameter and height of the rotor were 3500 mm and 
7000 mm, respectively. And the blades were made from E-glass 
fiber. Under the optimal condition, tip-speed ratio of this wind 
rotor reached 1.0 at an air velocity of 10.5 m/s. To assess the 
operation stability of this wind rotor, the CFD technique and the 
finite element method (FEM) were jointly employed. Flow simula- 
tion was performed to obtain the static pressure distribution on 
blade surface, and this distribution served as a necessary boundary 
condition for the calculation of aerodynamic forces acting upon 
individual blades. Under the assumption of identical force magni- 
tudes over the entire blade surface, both maximum and minimum 
von Mises stresses were calculated using a FEM static method [38]. 
Concerning this simulation process, divided opinions are being 
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Fig. 10. Variation of resultant force coefficient associated with a conventional 
Savonius wind rotor rotating at a constant rotational speed. 


concentrated on two subjects: one is the one-way coupling 
algorithm that only enables the unidirectional transmission of 
information from fluid to solid and the other is the influence of 
disparity of mesh density between solid and fluid domains on data 
communication via fluid-solid interface. As shown in Fig. 9(a), 
moderate-size three-dimensional FEM elements are utilized to 
discretize the solid domain occupied by one blade and one shaft, 
two vital components of a conventional Savonius wind rotor. 
Under an assumption of identical radial force magnitudes over 
the entire blade surface, deformation and von Mises stress are 
calculated and the results are shown in Fig. 9(b) and (c). The 
highest deformation occurs at the blade tip, and then the defor- 
mation decays consistently towards the blade root. Regarding von 
Mises stress, large values reign over a fairly broad cross-sectional 
segment, which is close to the blade root instead of the blade tip. It 
should be pointed out that these results are dependent to a great 
extent on rotor blade profile, as well as the predefined force loads 
acting on blade surface. 


5.2. Transient force 


Originating from flow field and affecting rotor blades, transient 
force is a parameter reflecting time-varying characteristics of both 
fluid part and solid part. Most importantly, transient force is 
immediately associated with shaft torque. A recent numerical 
study was dedicated to the calculation of the transient forces 
acting upon a conventional Savonius wind rotor [39]. A highlight 
in this study lies in that the rotational speed of the rotor is not 
predefined and rotation of the rotor around the rotor axis Oz is 
governed by 


Jo,9 = (Mp +M,+Mp)f, (4) 


where Jo, is a component of the second-order rotor inertia tensor 
along Oz, 6 is angular acceleration, Mp is moment of pressure, M, is 
moment of viscous stresses, My is moment of external forces and f, 
is a ramping factor, which is designed to restrict numerical 
oscillation during the initial phase of the simulation. 

Therefore, the angular velocity of the rotor changes continually 
with the rotation of the rotor. Consequently, both the drag force in 
longitudinal direction and the lift force in lateral direction change 
accordingly. Time-dependent magnitudes of these two component 
forces set the stage for calculating transient resultant force. By 
contrast, many studies of conventional Savonius wind rotors 
calculate transient resultant force at a constant rotational speed 
of rotor, and the results obtained thereby are exemplified in Fig. 10, 
where the two closed curves representing resultant force coeffi- 
cient are associated with advancing and returning blades, respec- 
tively. Only one single rotation period is counted in Fig. 10. To 
detail the calculation of force coefficients, the static pressure 


Fig. 11. Shaft torque characteristics of spiral Savonius wind rotors with various spiral angles. (a) y=0° (b) y=90° (c) y=120° and (d) y=180°. 
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distribution along the physical boundary of a blade cross section is 
extracted from numerically obtained static pressure field, and then 
two perpendicular component forces acting upon the whole cross 
section are calculated through integrating scattered forces acting 
upon blade elements along the boundary. Consequently, with 
respect to a single blade or the whole rotor, both component force 
coefficients and resultant force coefficient are acquired. 

Relative to numerical practices, the measurement of various 
forces acting upon the Savonius rotor blade requires stimulus. Small 
rotor scale and state of rotation are two primary factors that 
hamper the breakthrough in relevant measurement techniques. 
With available measurement apparatuses such as three-component 
force-balance meters, the resultant force acting upon the whole 
blade, instead of a force distribution, can be obtained. Additionally, 
to simplify the measurement procedure, the tested Savonius wind 
rotor blade is usually kept stationary. In this context, to mimic the 
condition of rotation, the relative orientation angle between the 
blade and upstream air flow is altered through two rotatable end 
plates on which the blade is fixed. An analogy between experi- 
mental results and corresponding physical reality is established 
thereby [40]. In this respect, a method used in the study of 
hydraulic turbines is instructive. The effectiveness of this method 
hinges upon two components; one is an array of strain gages stuck 
to curved-blade surface and the other is a slip ring designed to 
connect specialized rotational and stationary parts. A force distribu- 
tion on the curved blade surface can be accomplished with this 
method. It is noteworthy that such a practice necessitates adequate 
sampling points and an elaborately fabricated test model. 


5.3. Shaft torque characteristics of the curved-blade Savonius rotor 


Shaft torque is a critical performance indicator for the Savonius 
wind rotor. Static torque meters can be used to measure shaft 
torque, circumventing inconveniences related to force measure- 
ment [41]. Alternatively, shaft torque can be calculated using CFD 
techniques [4]. As for the conventional Savonius wind rotor, the 
mechanism underlying the production of shaft torque has been 
well understood, and the direction of shaft torque is definite. By 
contrast, shaft torque characteristics of the curved-blade Savonius 
wind rotor are complicated in view of multidirectional forces 
acting on curved blades. Here, a spiral Savonius wind rotor is 
referred to as a representative of curved-blade Savonius wind 
rotors. Fig. 11 contains four spiral Savonius wind rotors with spiral 


angles of 0°, 90°, 120° and 180°, respectively. These four models are 
constructed based upon identical S-shape cross sections, and all 
rotor heights are equal too. Subject to identical upstream air flow 
conditions and rotational speed, the four rotors are distinctly 
different in resultant shaft torque. The y=O0° rotor is anticipated 
to gain the highest transient shaft torque among the four rotors, as 
is concluded through a comparison of the effective blade-air 
interaction areas associated with the four rotors, respectively. 
And the lowest level of shaft torque fluctuation with the rotation 
of the rotor is possessed by the y=180° rotor, which maintains to 
the largest degree the circumferential structural balance of the 
whole rotor. 


6. Tip-speed ratio 


Tip-speed ratio is of great importance for all wind rotors. Many 
studies have indicated that there exists a correspondence between 
optimal value of tip-speed ratio and high-quality flow field, but 
further details are scarce. Although it has been observed that the 
flow pattern near a rotating Savonius wind rotor develops at a 
time scale which is exceedingly shorter than commonly used time 
intervals linking two successive angular positions of the rotating 
rotor, no pertinent quantitative explanation has been unfolded. 

Several optimal values of tip-speed ratio, as well as the values of 
corresponding maximum torque and power coefficient, are shown 
in Fig. 12. Here, the optimal value of tip-speed ratio is defined as the 
tip-speed ratio at which maximum torque coefficient or maximum 
power coefficient is achieved. With respect to the same case, 
maximum torque coefficient and maximum power coefficient do 
not always meet the same tip-speed ratio, as is evidenced in Fig. 12. 
Moreover, although all rotors under consideration fall into the 
category of the Savonius wind rotor, discrepancy is obvious not 
only among those values of maximum torque coefficient but also 
among the values of maximum power coefficient. The highest 
coefficient of maximum torque arises in [42], where the semi- 
bucket Savonius wind rotor is concentrated on and the rotor with 
an overlap ratio of 0.162 bears a maximum torque coefficient of 
1.3693, which is the largest among all values of maximum torque 
coefficient shown in Fig. 12. Meanwhile, the values of maximum 
power coefficient in [42] are also remarkable, and the rotor with an 
overlap ratio of 0.20 possesses a maximum power coefficient of 
0.4668, which is superior to its counterparts shown in Fig. 12. It is 
noteworthy that all optimal values of tip-speed ratio shown in 
Fig. 12 range from 0.5 to 0.8, and the drag-dominating feature of the 
Savonius wind rotor manifests itself thereby. 

As for the horizontal-axis wind rotor, tip-speed ratio has been 
effectively utilized to associate wake flow patterns with the 
performance of the rotor, and it has been substantiated that with 
the increase of tip-speed ratio, the vortices immediately down- 
stream of the rotor blades tend to attenuate in terms of both vortex 
scale and vortex intensity [44]. Although the wake flow patterns 
related to the Savonius wind rotor are appreciably different with 
those seen downstream of the horizontal-axis wind rotor, it is 
equivalently significant to seek such a relationship to bridge the gap 
between typical flow characteristics and major performance para- 
meters for the Savonius wind rotor. Such an exploration is antici- 
pated to be carried out first for the conventional Savonius wind 
rotor, which is featured by typical large-scale flow structures and 
explicit torque-generation mechanisms. 


7. Conclusions 


This review underscores several subjects associated with both 
conventional and curved-blade Savonius wind rotors. In particular, 
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the flow-related subjects are elaborated on and discussed based 
upon those recent achievements. The following conclusions can be 
drawn from this review. 


(1) The distinctiveness of the Savonius wind rotor is evidently 
reflected by flow patterns nurtured in the flow field surround- 
ing Savonius wind rotor blades. Large-scale flow structures 
near the rotor blades are immediately associated with the 
rotation of the rotor blades. Three-dimensional flow patterns 
not just highlight curved-blade Savonius wind rotors but also 
cause difficulties for flow pattern description and rotor per- 
formance evaluation. 

(2) The coexistence of geometrically different Savonius wind 
rotors is salient, and each Savonius wind rotor bears advan- 
tages as well as disadvantages. Adjunct devices play an 
important part in enhancing the operational capability of 
Savonius wind rotors. In some cases, structural attributes of 
Savonius wind rotors deserve a specific investigation per- 
formed with finite element method, and reasonable boundary 
conditions are necessitated as well. 

(3) The employment of numerical techniques has proven to be 
fruitful in the study of the Savonius wind rotor. Both con- 
voluted three-dimensional flow patterns and transient 
resultant forces acting upon Savonius wind rotor blades have 
been revealed with numerical techniques. And more signifi- 
cantly, the calculation of shaft torque can be realized using 
numerical techniques, which is based upon the basic relation- 
ship between shaft torque and aerodynamic forces. 

(4) Two subjects are anticipated to be treated with special efforts. 
One is the development of experimental techniques for obtain- 
ing transient variations of both flow and rotor parameters with 
the rotation of the Savonius wind rotor, particularly the curved- 
blade Savonius wind rotor. The other one is the search of a 
robust connection between typical flow structures and optimal 
tip-speed ratio for conventional Savonius wind rotors. 
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